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a b s t r a c t
We investigate the ability of high spatial resolution ( 120 mm) Ge-doped SiO2 TL dosimeters to
measure photoelectron dose enhancement resulting from the use of a moderate to high-Z target
(an iodinated contrast media) irradiated by 90 kVp X-rays. We imagine its application in a novel
radiation synovectomy technique, modelled by a phantom containing a reservoir of I2 molecules at the
interface of which the doped silica dosimeters are located. Measurements outside of the iodine
photoelectron range are provided for using a stepped-design that allows insertion of the ﬁbres within
the phantom. Monte Carlo simulation (MCNPX) is used for veriﬁcation. At the phantom medium
I2-interface additional photoelectron generation is observed, 60% above that in the absence of the I2,
simulations providing agreement to within 3%. Percentage depth doses measured away from the iodine
contrast medium reservoir are bounded by published PDDs at 80 kVp and 100 kVp.
& 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Commercial phosphor-based thermoluminescence (TL) dosi-
meters offer limited spatial resolution of the order of a few mm.
Small diameter Ge-doped SiO2 optical ﬁbres make possible high
spatial resolution thermoluminescence (TL) dosimetry 120 mm
and provide for an approximate Bragg–Grey cavity, critical for
non-tissue equivalent probes. Studies of the dosimetric properties
of commercially produced Ge-doped SiO2 optical ﬁbres have been
undertaken by several groups, use being made of synchrotron
X-ray microbeam radiation as well as kilovoltage and high energy
(megavoltage) photon and electron beams. These demonstrate
the potential of Ge-doped SiO2 optical ﬁbres as a novel form of TL
dosimeter for radiation therapy dosimetry (Bradley et al., 2006,
2007; Ramli et al., 2009; Abdul Rahman et al., 2010a, 2010b).
In regard to applications, we address a potential radiotherapy
technique and the associated dosimetry in treatment of the
painful joint disease, chronic synovial inﬂammation. The latter
is due to excessive growth of the synovium membrane linking the
joints. Normal synovium usually produces synovial ﬂuid that
helps lubricate the joint. However, when the synovium swells, it
produces an excess of synovial ﬂuid, the latter containing an
enzyme that in large quantities eats away at the articular
cartilage on the joint surface and eventually leads to damage of
the joint surface (Deutsch et al., 1993). Synovectomy, the surgical
removal of the inﬂammation of the synovium membrane of a
synovial joint, is one of the treatment options. Radiation syno-
vectomy is an alternative treatment, use of a beta-particle emit-
ting radionuclide being the general method, treating or
destroying inﬂamed and diseased synovium, the beta particles
travelling 1–3 mm in soft tissues (Deutsch et al., 1993; Johnson
et al., 1995; Clunie and Ell, 1995). As an alternative, X-ray
phototherapy is a technique that offers considerable promise
(Bradley et al., 2008), also for tumour treatment (Boudou et al.,
2007). In such applications, the treatment volume is loaded with a
relatively high atomic number medium, for instance iodinated
contrast medium (an example of a medium that can safely be
used within the body), and exposed to kilovoltage X-rays. At
kilovoltage energies the large photoelectric cross sections of
iodine, just above the K shell absorption edge, results in
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substantial photoelectric interactions. The high linear energy
transfer (11.5 keV mm1) and short range of the photoelectric
interaction products (photoelectrons, characteristic X-rays and
Auger electrons) give rise to localised dose enhancement, which
promises to be of considerable interest in highly localised tissue
treatments, as in the inﬂamed synovial layer.
Experimental evidence has demonstrated dose enhancement
in a gel with added iodine (Boudou et al., 2007), while Monte
Carlo calculations have quantiﬁed the dose enhancement for
various iodine concentrations (Boudou et al., 2007). Present
interest is in the potential of Ge-doped SiO2 optical ﬁbres in
measuring photoelectron dose enhancement resulting from the
use of such moderate to high-Z media.
2. Materials and methods
2.1. Dosimeter system
The concentration of Ge in doped SiO2 optical ﬁbres used in
this study is 0.15–0.19 mol% based on SEM and EDXRS analysis
(Ramli et al., 2009). The effective atomic number, Zeff for Ge-
doped SiO2 optical ﬁbres is 11.4, again determined using SEM and
EDXRF analysis (Ramli et al., 2009). This can be compared against
the value of Zeff in soft tissue of 7.42 and of Zeff for bones 11.6–
13.8 (Jayachandran, 1971). One advantage of Ge-doped SiO2
optical ﬁbre dosimeters is that they are water resistant and
therefore it becomes possible to locate the ﬁbre dosimeter within
a particular tissue of interest. Another is that the relatively
insubstantial dimensions of the ﬁbres points to their approximat-
ing a Bragg–Grey cavity. These factors suggest the possible use of
Ge-doped SiO2 optical ﬁbres in a variety of interface dosimetry
situations, as in for instance for dosimetry application in radiation
synovectomy.
The dosimetry system herein was based on Ge-doped SiO2
optical ﬁbres, each with a mean length of 5.070.1 mm and
diameter of 125.070.1 mm. The Ge-doped silica optical ﬁbres
have been selected on the basis of an inter-variation to ﬁxed dose
of better than 4% (1 S.D) and linear response for a dose range of
1–50 Gy. The outer cladding of plastic polymer was carefully
peeled away from the optical ﬁbre using a ﬁbre stripper. The
stripped optical ﬁbres were then cleaned by means of a cotton
cloth containing methyl alcohol to minimise the possibility of
there being any remnant polymer (Abdul Rahman et al., 2010a,
2010b). By using an optical ﬁbre cleaver (Fujikura, Japan) the
optical ﬁbre was divided into lengths of approximately
5.070.1 mm, the practice ensuring a clean cut for each sample.
The optical ﬁbres were then placed inside an opaque light-proof
gelatine capsule to provide for irradiation, routine storage and
handling.
2.2. Phantom device
A model membrane synovial treatment setup has been created
using a specially designed phantom made from a polyurethane
medium, designated Phantom 1, produced in the form of a cylinder
(60 mm diameter60 mm height) and also separately a Perspex
cube (70 mm70 mm70 mm), designated Phantom 2, each
phantom including a reservoir of iodine (Fig. 1). These variations
in phantom design allow for reproducibility studies, the desire
being to demonstrate independence of any measured photoelec-
tron dose enhancement from medium or geometry effects. Each
setup provided for measurement of dose enhancement resulting
from intimate surface contact between the Ge-doped SiO2 optical
ﬁbres and the iodine (I2) contrast medium. Phantom 1 is a quasi
tissue equivalent substance, with mass density of 1.101 g cm3
and Zeff 8.65 (Adamovics and Maryanski, 2006) while Phantom
2 has a mass density of 1.190 g cm3 and Zeff 6.47 (Qi et al., 2010).
The phantoms have two important design elements. The ﬁrst
is a hole of 10 mm diameter 20 mm depth, forming the
means for the reservoir containing the iodinated contrast med-
ium. This provides for measurement of photoelectron dose
enhancement by arranging intimate surface contact between
Ge-doped SiO2 optical ﬁbres, placed against the walls of the hole
proximal to the beam entry surface, and the contrast medium.
The arrangement simulates a synovial membrane in contact
with the contrast media introduced into the joint space. The
contrast media used in this study is iodine NIOPAM (270I) the
concentration of which is 370 mg of iodine per ml. The second
design element concerns the lower part of the phantom, distant
from the iodine reservoir, and formed as a stepped design
with 10 mm width for each step. This allows for insertion of the
ﬁbres within the phantom to measure the dose deposited in
stimulant surrounding soft tissue. Fig. 1 shows the phantom
designs; one point of note is the offset reservoir in the polyur-
ethane-based arrangement to further modify the geometries
between Phantoms 1 and 2.
2.3. Characterisation of the Ge-doped silica optical ﬁbre
It is recognised that for any communication ﬁbre system, the
dopant concentration will vary from point to point along the
length of an optical ﬁbre, albeit within a limited range of
concentrations. In the absence of a process of radiation sensitivity
selection, for a ﬁxed dose of radiation there will result a
commensurate range of TL emissions, a situation largely parallel-
ing that for phosphor TL systems. Therefore it is important to
select ﬁbre dosimeters of uniform sensitivity to allow for further
investigation. This forms an associated selectivity study of dosi-
meters, incorporating reproducibility and reusability of dosi-
meters. Selection of Ge-doped SiO2 optical ﬁbres were
performed by irradiating large sample groups at a ﬁxed dose as
well as at ﬁxed dose rate. The irradiations were made to provide a
dose of 3 Gy at a constant dose rate of 400 cGy min1; a ﬁeld size
of 10 cm10 cm was used, from a clinical 6 MV photon beam.
The dosimeters were placed in a water phantom at a depth of
2.0 cm using a standard source–surface distance (SSD) of 100 cm.
A total of 500 ﬁbres were irradiated. The TL response of irradiated
samples was obtained using the TL readout system 12 h post
irradiation.
Selection of dosimeters was made in an effort to eliminate
outlier data, retaining optical ﬁbres yielding an inter-variation to
ﬁxed dose-rate of better than 4% (1 S.D) of the mean value. The
optical ﬁbres were then annealed to remove any residual TL
signal. The variability of the dosimeter system was then further
tested by performing the same irradiation conditions as before.
To investigate the dose response a dose range of 1–35 Gy was
delivered at a dose-rate of 222 cGy min1 using a PANTAK
Superﬁcial X-ray unit (Pantak Inc., Branford USA). The beam
energy used was 90 kVp (HVL¼2.5 mm Al) with a ﬁeld size of
8 cm diameter and surface to source distance (SSD) of 30 cm.
2.4. Dose enhancement in use of iodinated contrast media
Irradiations were made using the PANTAK Superﬁcial X-ray
unit described above. Details of the irradiation setup are
described in Table 1. The selected ﬁbres were prepared in groups
of 20 (to provide information on statistical variation), arranged at
each step of the phantom, while for the hole containing a
reservoir of iodinated medium, the ﬁbres were located around
the aspect of the wall proximal to the incident beam. The iodine
contrast medium NIOPAM (270I) 370 (370 mg I/ml) was loaded in
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the hole of the phantom just prior to the irradiation. Fig. 2 shows
the irradiation setup for Phantom 1 and Phantom 2, respectively.
Comparison has been made with measurements of dose obtained
away from the iodine reservoir as previously described. The
ﬁbres, cleansed of all residual iodine, were subsequently readout
using a Solaro TL reader (Vinten TLD, Reading, UK).
2.5. Monte Carlo simulation of dose enhancement from iodinated
contrast media
Monte-Carlo simulation has been performed to stimulate the
dose enhancement resulting from intimate surface contact
between Ge-doped SiO2 optical ﬁbres and the iodine contrast
medium. The Monte-Carlo data for this work were generated
using MCNPX v.2.6. The spectrum of 90 kVp X-ray use in simula-
tion was handled using the SpekCalc programme (Poludniowski
et al., 2009). For the simulation, several properties of the beam
(Table 1), the dosimeter and contrast medium (Table 2), and
phantom arrangement (Fig. 2) used in the experiment have been
taken into account. The simulation was run for a period of 20 h.
Fig. 1. Photographs (a) and (b) show the side and top view, respectively, of a phantommade from a polyurethane-based medium produced in the form of a cylinder 60 mm
diameter60 mm height, while (c) and (d) show the equivalent views of a phantom made from a cube of PMMA (Perspex), lateral dimension 70 mm.
Table 1
Details of irradiation setup for dose enhancement experiments.
Experiment 1 Experiment 2
Energy (kVp) 90 90
HVL 2.5 mm Al 2.5 mm Al
Dose (Gy) 30 30
Dose rate (cGy min1) 222 222
Field size 8 cm diameter 8 cm diameter
SSD (cm) 30 30
Phantom Phantom 1 (polyurethane) Phantom 2 (Perspex)
Fig. 2. The irradiation setup. The iodine contrast medium NIOPAM (270I) 370
(370 mg I/ml) was loaded into the hole of the phantom just prior to the irradiation.
(a) Irradiation of Phantom 1 and (b) irradiation of Phantom 2.
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TL yields were normalised to that resulting from a standard
entrance dose to the surface.
3. Results and discussion
3.1. Characterisation of Ge-doped silica optical ﬁbre
Fig. 3a shows the variability in TL yield of Ge doped silica
optical ﬁbres following 6 MV photon beam irradiation to a dose of
3 Gy and subsequent selection to only retain ﬁbres with a
response 71 S.D of the mean value. The selected Ge-doped silica
optical ﬁbres are capable of producing a uniform TL response of
better than 4% (1 S.D) of the mean value. Fig. 3 also shows SEM
images of the cleaved faces of Ge-doped silica optical ﬁbres,
(b) resulting from use of a commercial optical ﬁbre cleaver
(Fujikura, Japan), while (c) shows results of the use of a sharp
blade. It is apparent that irregularities in dopant concentration
along the length of the ﬁbre may not be the sole source of TL
variation.
3.2. Dose response and energy dependence
The TL responses (Fig. 4) are shown for dose response linearity
of different sets of irradiations for different energies from several
keV to MeV covering the dose range of 1–50 Gy. Over the range of
doses delivered at each energy, linearity of TL yield has been
obtained, the correlation coefﬁcient (r2) being observed to be
better than 0.998 (at the 95% conﬁdence level). Over the dose
range 1–50 Gy of photon and electron irradiation, least-squares
straight line ﬁts to the measured data reveal a TL light yield (in
counts per second per unit mass of ﬁbre, 106) corresponding to
a dose-dependency of 4 the absorbed dose, measured in Gy,
for photon irradiations and 3 the absorbed dose, measured in
Gy, for electron irradiations. For low energy photon irradiations,
results can be compared with that obtained using synchrotron
X-ray microbeam radiation therapy facility at the ESRF, delivered
at a mean energy of 107 kVp over the energy spectrum
50–350 keV (Abdul Rahman et al., 2010a).
Two particular features are evident from the comparisons of
energy response made in Fig. 4. First is the 20% greater
responses obtained in changing from megavoltage to kilovoltage
potentials (from the few MV to 90 kVp), being due to the greater
probability of photoelectric events in use of the chosen kilo-
voltage potentials. Second is the observation that optical ﬁbres
irradiated at 90 kVp provide a 4 greater response than those
irradiated using a synchrotron X-ray beam of mean energy
107 keV. The latter can be explained in terms of dose-rate non-
reciprocity (Schwarzschild) response, described in detail by Abdul
Rahman et al. (2010b). In brief, lower dose rates allow ample time
for completion of the TL yield process. The PANTAK Superﬁcial
X-ray unit delivered dose at a dose rate of 222 cGy min1,
compared to a dose rate delivery of 80 Gy s1 using the synchro-
tron X-ray microbeam radiation therapy facility at the ESRF. The
results also reveal that the ﬁbres provide the basis for sensitive
dosimetry throughout the kV to MV range.
3.3. TL yield enhancement in use of iodinated contrast media
Photoelectron dose enhancement evaluation using the two
Phantom media previously described were 6072% (Phantom 1)
and 6173% (Phantom 2) as shown in Fig. 5. From MCNP
Table 2
The properties of Ge-doped SiO2 optical ﬁbre and contrast medium used in Monte Carlo
simulation.
Ge-doped SiO2 optical ﬁbres Iodine contrast media (NIOPAM 370)
Density 3.36–2.49 g cm3 Concentration 76% Lopamidol
Dopant concentration 5–40% mol 0.053 mg Sodium
Diameter 125 mm 370 mg/ml Iodine
Length 10 mm Speciﬁc gravity 1.405
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Fig. 3. (a) TL yield distribution from selected Ge-doped SiO2 optical ﬁbres irradiated at the nominal photon energy of 6 MV for a ﬁxed dose of 3 Gy (delivered at the rate of
400 cGy/min). The red line indicates the mean value. (b) SEM image of Ge-doped silica optical ﬁbres cleaved using an optical ﬁbre cleaver, compared to that cut using a
sharp blade.
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simulations, and with TL yields normalised to the TL yield value
for a standard entrance dose at 0.5 mm depth, the respective
results were 6472% and 6072% (Fig. 6).
The dose enhancement factor for iodine contrast media has
previously been observed for energies near and above the K-edge
of iodine (33.2 keV) (Mesa et al., 1999). Using the 90 kVp energy
spectrum, the photon energy at which maximum photon yield is
obtained is 31.2 keV, photon energies in the range of 40–50 keV
contributing most prominently to the dose enhancement
(Edward, 1966). For radiation synovectomy applications, 100 Gy
is required to be deposited in the synovial membrane based on
the estimation of 1 Gy per 1 g of synovial membrane (Johnson
et al., 1995); the enhanced TL yields obtained herein indicate that
large dose deposition can be made to happen at an interface
between synovium and iodine contrast medium. Photoelectron
production and concomitant dose distribution on the few micron
scale (Johnson et al., 1995) can be obtained through use of stable
iodine in association with incident X-ray irradiation for energies
above and close to the absorption edge, the K-edge in this case.
This may suggest that radiation synovectomy using a beta emit-
ting radionuclide such as, 125I, with a risk of skin necrosis and of
organ damage due to leakage of activity from the joint capsule,
could be replaced by the present so-called combination radio-
therapy technique. This may lead to minimisation of dose to
healthy tissue and delivery of a well prescribed dose to the target,
in this case the synovial membrane.
4. Conclusions
Studies of Ge-doped SiO2 optical ﬁbres for applications in
interface radiation dosimetry have been carried out. The potential
of the dosimeters have been examined in regard to measurement
of dose enhancement from iodinated contrast medium. In the
present study, commercially available Ge-doped silica optical
ﬁbres have been shown to possess a number of desirable TL
characteristics, in terms of dose stability, linearity of response,
and sensitivity to dose. At ﬁxed dose-rate, the dosimeters were
found to produce a ﬂat response of better than 4% (1 S.D) of mean
TL distribution and showed good linearity (r2¼0.998) of response
up to a dose of 50 Gy for photon and electron beams. Over the
dose range of 1–35 Gy, investigated at 90 kVp using a superﬁcial
X-ray treatment unit, linearity is obtained (r240.998). Photo-
electron dose enhancement measured in polyurethane and Per-
spex shows TL yields some 60% greater than that obtained in
the absence of the iodinated medium. This has been modelled
using Monte Carlo simulation (MCNPX v.2.6). The measured
percentage depth dose (PDD) using polyurethane and Perspex
media agree with each other to within 2% and are bounded by the
published PDD curves for 100 kVp and 80 kVp spectra as reported
in BJR Supplement No 25 for water (Joint Working Party of BIR
and IPEM, 1996).
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Fig. 5. TL yield enhancement for ﬁbres in intimate contact with iodine contrast
medium. (a) Experiment 1 using polyurethane medium and (b) experiment 2 using
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Fig. 6. Monte Carlo simulation of TL yield enhancement for ﬁbres in intimate
contact with iodine contrast medium. (a) MCNPX simulation for polyurethane
medium and (b) MCNPX simulation for PMMA.
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